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We theoretically investigate the nature of laser-irradiated Kondo insulators. Using Floquet theory
and slave boson approach, we study a periodic Anderson model and derive an effective model which
describes the laser-irradiated Kondo insulators. In this model, we find two generic effects induced
by laser light. One is the dynamical localization, which suppresses hopping and hybridization. The
other is the laser-induced hopping and hybridization, which can be interpreted as a synthetic spin-
orbit coupling or magnetic field. The first effect drastically changes the behavior of the Kondo
effect. Especially, the Kondo effect under laser light qualitatively changes its character depending
on whether the hybridization is on-site or off-site. The second effect triggers topological phase
transitions. In topological Kondo insulators, linearly polarized laser light realizes phase transitions
between trivial, weak topological, and strong topological Kondo insulators. Moreover, circularly
polarized laser light breaks time-reversal symmetry and induces Weyl semimetallic phases. Our
results pave the new way to dynamically control the Kondo effect and topological phases in heavy
fermion systems. We also discuss experimental setups to detect the signatures.
I. INTRODUCTION
Controlling the quantum states via the periodic driving
is gathering great attentions in recent years. It is called
Floquet engineering, which has been developed mainly in
cold atomic systems1. In cold atomic physics, Floquet en-
gineering has already been an important and established
tool to realize the desired systems. For example, topo-
logically non-trivial states in the Haldane model2 were
experimentally realized in periodically driven honeycomb
lattice and have been providing a typical platform of in-
vestigating the physics of topological phases3,4,
As for solid states, important and interesting scenarios
of Floquet engineering have been proposed in graphene
and semiconductors5–12. For most of solid state systems,
the time-periodic perturbations are due to the irradiation
of strong laser light coupled to electrons or phonons. For
example, it has been theoretically proposed that topo-
logically non-trivial states of matter are realized in laser-
irradiated semiconductor quantum wells7. Experimen-
tally it has been confirmed that the band structure is
indeed modified and Floquet states are realized on the
surface states of a laser-irradiated topological insulator
Bi2Se3
13,14. Therefore, for weakly interacting systems,
laser light is becoming a useful tool to control the quan-
tum states of matter. On the other hand, the inves-
tigation in strongly correlated electron systems is still
limited15,16. However, since various quantum phases of
matter, such as magnetically ordered states or Mott in-
sulating states, are realized only in strongly correlated
systems, it is important to search for the possibility of
Floquet engineering in strongly correlated electron sys-
tems.
In this paper, we focus on the Floquet engineering in
heavy fermion systems, which are a typical example of
the strongly correlated electron systems17. Here the in-
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FIG. 1. Schematic picture of our setup. A three-dimensional
bulk Kondo insulator is irradiated by laser light in the z-
direction. We assume a pulse laser wide enough to apply
Floquet theory which is a theoretical prescription for time-
periodic systems.
terplay between conduction electrons and localized elec-
trons induces the Kondo effect and gives us rich phase di-
agrams including topological phases18,19. To be specific,
we theoretically investigate the effect of the laser irradi-
ation on the periodic Anderson model. The schematic
picture of the setup is shown in Fig. 1. The periodic
Anderson model is a simple model of Kondo insulators,
i.e. strongly correlated insulators induced by the Kondo
effect20. Using Floquet theory and slave boson approach,
we derive a general effective model which describes the
laser-irradiated Kondo insulators. We show that there
are two laser-induced effects in this model. One is the
dynamical localization21, which suppresses hopping and
hybridization. The other is the laser-induced hopping
and hybridization. These effects change the properties of
the original Kondo insulators. The first effect, dynamical
localization, modifies the behavior of the Kondo effect.
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2Especially, we point out that the Kondo effect can be
enhanced or suppressed by the laser light depending on
the spatial structures of hybridization. The second effect,
laser-induced hopping and hybridization, drives topolog-
ical phase transitions. In three dimensional topological
Kondo insulators18,19, linearly polarized laser light in-
duces a phase transition between trivial, weak topolog-
ical, and strong topological Kondo insulators. Further-
more, with circularly polarized laser light, the system
realizes strongly correlated Weyl semimetals22–24. Our
results pave the way to engineer the electronic properties
dynamically in heavy fermion systems.
This paper is organized as follows. In Sec. II, we in-
troduce the periodic Anderson model and two theoretical
methods. The first method is slave boson technique to
treat the interaction effect. The second method is Flo-
quet theory which is known as a versatile tool for time-
periodic quantum systems. In Sec. III, we discuss our
main results. We derive a general effective model that de-
scribes laser-irradiated Kondo insulators and show that
there are two effects induced by laser light. To demon-
strate how these effects change the nature of the original
systems, we discuss the impact of them on the Kondo
effect in Sec. IV. We then discuss how the laser-induced
effects change the topological properties of the original
systems in Sec.V. We show that these effects lead to topo-
logical phase transitions. Furthermore, we discuss exper-
imental setups to confirm our results in Sec.VI. Finally
summary and outlook are presented in Sec.VII.
II. MODEL AND METHODS
A. Periodic Anderson model with slave boson
approach
In order to study the effect of laser light on Kondo
insulators, we introduce a theoretical model, which is
a variant of the periodic Anderson model. The model
Hamiltonian reads
H =
∑
ijσ
{tc,ij − µδij}c†iσcjσ +
∑
ijσ
{tf,ij + (f − µ)δij}f†iσfjσ
+
∑
ijσσ′
{Vijσσ′c†iσfjσ′ + h.c.}+ U
∑
i
n
(f)
i↑ n
(f)
i↓ , (1)
with tc,ii = tf,ii = 0, tc,ij = (tc,ji)
∗ and tf,ij = (tf,ji)∗.
We assume tf,ij  tc,ij . σ, σ′(=↑, ↓) stand for the
(pseudo)spin. This model consists of conduction elec-
trons specified by the annihilation (creation) operator
ciσ (c
†
iσ) and almost localized f -electrons specified by fiσ
(f†iσ). The term including Vijσσ′ represents the hybridiza-
tion of the conduction and localized f -electrons. Due to
the localized orbit of f -electrons, the electron correla-
tion among f -electrons is strong, and thus we introduce
a Hubbard-type interaction for them, as shown in the last
term of the Hamiltonian (1). n
(f)
iσ represents the number
operator of the f -orbit at the i-th site and the definition
is n
(f)
iσ = f
†
iσfiσ.
To incorporate the correlation effect among f -
electrons, we use a slave-boson mean field treatment25–28.
It assumes a renormalized band structure, which results
in the mean-field Hamiltonian,
HMF =
∑
ijσ
{tc,ij − µδij}c†iσcjσ
+
∑
ijσ
{|b|2tf,ij + (f + λ− µ)δij}f†iσfjσ
+
∑
ijσσ′
{b∗Vijσσ′c†iσfjσ′ + h.c.}, (2)
where b is a renormalization factor and λ represents an
energy shift of f-orbital level by the interaction effect.
In this study, we numerically solve self-consistent equa-
tions for b and λ and determine their values for each tem-
perature. We show the derivation of the self-consistent
equations in Appendix. A. The explicit form of the equa-
tions is
λ =
1
N
∑
i 6=jσ
tf,ij〈f†iσfjσ〉
+
1
Nb∗
∑
ijσσ′
V ∗jiσ′σ〈f†iσcjσ′〉, (3)
|b|2 = 1− 1
N
∑
iσ
〈f†iσfiσ〉, (4)
whereN is the number of sites and 〈· · · 〉 stands for a ther-
mal average with the mean-field Lagrangian LMF (The
definition is presented in Appendix. A). Since we con-
sider insulating systems in this study, we solve simulta-
neously the equations (3), (4) and the condition of half-
filling,
nfill =
1
N
∑
iσ
(
〈c†iσciσ〉+ 〈f†iσfiσ〉
)
= 2, (5)
and determine the chemical potential µ for each temper-
ature. Since there are two types of electrons (c and f)
and two (pseudo) spins (↑ and ↓) for each sites, nfill = 2
corresponds to half-filling.
B. Floquet theory
Next we consider the effect of laser light. For this
purpose, we first consider a time-dependent model which
describes laser-illuminated Kondo insulators. We treat
laser light as oscillating electric fields, and thus introduce
a Peierls phase. We obtain the time-dependent model
3from (2) as
H(t) =
∑
ijσ
{eiA(t)·rij tc,ij − µδij}c†iσcjσ
+
∑
ijσ
{eiA(t)·rij |b|2tf,ij + (f + λ− µ)δij}f†iσfjσ
+
∑
ijσσ′
{eiA(t)·rij b∗Vijσσ′c†iσfjσ′ + h.c.}, (6)
where A(t) = A cos θA cosωtex +A sin θA cos(ωt− ϕ)ey,
ex = (1, 0, 0), ey = (0, 1, 0), and ϕ is the polarization
angle of the laser light. In general, it is difficult to solve
a time-dependent quantum many-body problem. How-
ever, in the case of time-periodic problem, we can use a
useful description with Floquet theory which is known as
a theoretical tool for time-periodic systems29. The model
Hamiltonian (6) is time-periodic and thus we apply Flo-
quet theory29.
Floquet theory is based on Floquet’s theorem, which
is, so to speak, Bloch’s theorem for time direction : If
the Hamiltonian is time-periodic, H(t) = H(t + T ), the
eigenfunction can be written by a product of an expo-
nential function e−it and a time periodic function u(t).
 is called quasi-energy that is defined in the range of
−pi/T ≤  ≤ pi/T = ω/2. Then, we can define the effec-
tive Hamiltonian, of which eigenvalues are quasi-energies,
as
Heff = iT logU(T ), (7)
where the time-evolution operator U(t) =
T exp
(
−i ∫ t
0
H(s)ds
)
. T represents the time-ordering
operator. By definition, the effective Hamiltonian
has only the information of t = 0, T , 2T , · · · , nT , · · ·
and gives “stroboscopic description” of this system.
In other words, the information of the time range of
nT < t < (n + 1)T is neglected. Intuitively, if the time
period is short enough, this Hamiltonian tells us the
asymptotic behavior of periodically-driven systems. In
fact, the Gibbs ensemble of the effective Hamiltonian
describes the nonequilibrium steady states, which are
shown to appear with finite lifetime when the frequency
is sufficiently high30,31. Thus we can use the effective
Hamiltonian in Floquet theory and also the established
techniques in equilibrium physics for understanding
the nature of the nonequilibrium steady states of
laser-irradiated materials including strongly correlated
electron systems.
Though it is difficult to directly calculate the effective
Hamiltonian from the definition (7), there are some useful
methods to derive the effective Hamiltonian. We adopt a
perturbative expansion6,16 in 1/ω. Using this approach,
we can write down the effective Hamiltonian as
Heff = H0 +Hcom +O
(
ω−2
)
, (8)
H0 = H(0), (9)
Hcom =
∑
n>0
[H(+n),H(−n)]
nω
, (10)
where H(n) = 1T
∫ T /2
−T /2 dtH(t)e−inωt. The first term H0
is the time-average of the original time-dependent Hamil-
tonian (6). The second term Hcom represents the second
order perturbation process of the n-photon absorption
H(+n) and n-photon emission H(−n) in off-resonant light.
III. DERIVATION OF THE EFFECTIVE
MODEL AND THE LASER-INDUCED EFFECTS
In this section, we derive an effective model of Kondo
insulators irradiated by the laser light A(t) and show
the laser-induced effects which are found in our effective
model. First we calculate the n-th Fourier component of
the time-dependent Hamiltonian (6). For this purpose,
we introduce parameters ρij > 0 and θA ∈ [0, 2pi) as
ρij(θA)e
iφij(θA) := cos θAex · rij + sin θAe−iϕey · rij ,
(11)
and use the Jacobi-Anger expansion
eiz cos θ =
∞∑
n=−∞
inJn(z)e
inθ, (12)
where Jn(z) represents the n-th Bessel function. Then
we obtain the n-th Fourier component H(n) as
H(n) =
∑
ijσ
{J (n)ij (A, θA)tc,ij − µδijδn0}c†iσcjσ
+
∑
ijσ
{J (n)ij (A, θA)|b|2tf,ij + (f + λ− µ)δijδn0}f†iσfjσ
+
∑
ijσσ′
{J (n)ij (A, θA)b∗Vijσσ′c†iσfjσ′
+ J (n)ij (A, θA)bV ∗jiσ′σf†iσcjσ′}, (13)
with J (n)ij (A, θA) = inJn(Aρij(θA))einφij(θA). We apply
this result to the formula (8) and then obtain the explicit
form of the effective Hamiltonian as
Heff = H0 +Hcom, (14)
H0 =
∑
ijσ
(t˜c,ij − µδij)c†iσcjσ
+
∑
ijσ
{|b|2t˜f,ij + (f + λ− µ)δij}f†iσfjσ
+
∑
ijσσ′
{b∗V˜ijσσ′c†iσfjσ′ + h.c.}, (15)
4Hcom =
∑
ijσσ′
τc,ijσσ′c
†
iσcjσ′ +
∑
ijσσ′
|b|2τf,ijσσ′f†iσfjσ′
+
∑
ijσσ′
{
b∗Υijσσ′c
†
iσfjσ′ + h.c.
}
, (16)
where
t˜c,ij = J0(Aρij(θA))tc,ij , (17)
t˜f,ij = J0(Aρij(θA))tf,ij , (18)
V˜ijσσ′ = J0(Aρij(θA))Vijσσ′ , (19)
τc,ijσσ′ = 2i
∑
k
Jikj(A, θA)
tc,iktc,kj + |b|2VikσsV ∗jkσ′s
ω
, (20)
τf,ijσσ′ = 2i
∑
k
Jikj(A, θA) |b|
2tf,iktf,kj + V
∗
kisσVkjsσ′
ω
, (21)
Υijσσ′ = 2i
∑
k
Jikj(A, θA) tc,ikVkjσσ
′ + |b|2Vikσσ′tf,kj
ω
, (22)
Jikj(A, θA) =
∑
n>0
(−1)nJn(Aρik(θA))Jn(Aρkj(θA))
n
sin [n(φik(θA)− φkj(θA))] . (23)
In this effective model, we find two types of effect in-
duced by the laser light.
i) Dynamical localization: Looking at the zero-th order
term H0, we find that the amplitudes of hopping in (17),
(18) and hybridization in (19) are renormalized by zero-
th Bessel function. Thus the amplitudes decrease with
increasing the laser intensity. This effect corresponds to
the phenomenon called dynamical localization21, which
causes freezing of the motion of electrons when the sys-
tem is irradiated by a strong electric field32. The impor-
tant point in our study is that this affects only off-site
terms (i 6= j) since the Peierls phase is equal to zero in
on-site terms (i = j).
ii) Laser-induced hopping and hybridization: In the
commutator term Hcom, we find the new hopping terms
(20), (21) and hybridization term (22) which do not exist
in the original Hamiltonian (1). They depend not only on
the position but also on the spins of electrons. Thus these
terms can be regarded as an effective spin-orbit coupling.
They give a drastic effect on the renormalized band struc-
ture, such as a level splitting. We note that these terms
can break the time-reversal symmetry depending on the
polarization of the laser field. In such a case they can be
interpreted as an effective magnetic field.
The important point is that these two effects are de-
rived from the quite general model which describes heavy
fermion systems. Thus these effects are expected to ap-
pear generically in heavy fermion systems.
In the following sections, we demonstrate the physical
consequences of these effects with calculations of concrete
models. In Sec. IV, we show that the dynamical local-
ization affects the Kondo effect. We find that the Kondo
effects are enhanced or suppressed by laser light depend-
ing on whether the hybridization is on-site or not. In Sec.
V, we demonstrate that various laser-induced topological
phase transitions are realized in a certain type of Kondo
insulators.
IV. CONTROLLING KONDO EFFECT
A. On-site model and off-site model
In order to demonstrate the effect of laser light on the
Kondo effect, which has been proposed in Sec. III, we
introduce two simple models, which show the qualita-
tively opposite behavior under the laser light as we see
below. One is an on-site model Hon, which has only an
on-site hybridization term. The other is an off-site model
Hoff , in which the localized electrons can hybridize to the
conducting orbit only at the nearest neighbor sites. The
structures of hybridization are schematically shown in
Fig. 2. For simplicity, we assume cubic symmetry and
then the Hamiltonian reads
Hon/off = H(c) +H(f) +H(hyb)on/off +H(int), (24)
5(a)
(b)
FIG. 2. Schematic picture of c-f hybridization. (a) on-site
model: The c- and f - electrons hybridize only at the same site
(b) off-site model: The c- and f - electrons hybridize only at
the nearest-neighbor sites. There is no on-site hybridization.
Note that, although this figure treats one-dimensional systems
for simplicity, we consider three-dimensional systems in our
study,
H(c) =
∑
kσ
(c(k)− µ)c†kσckσ, (25)
H(f) =
∑
kσ
(f (k)− µ)f†kσfkσ, (26)
H(int) = U
∑
i
n
(f)
i↑ n
(f)
i↓ , (27)
H(hyb)on =
∑
kσ
{V c†kσfkσ + h.c.}, (28)
H(hyb)off =
∑
kσ
{V (k)c†kσfkσ + h.c.}, (29)
with
c(k) = −2tc(cos kx + cos ky + cos kz), (30)
f (k) = f − 2tf (cos kx + cos ky + cos kz), (31)
V (k) = iV (sin kx + sin ky + sin kz). (32)
Here ckσ and fkσ are the momentum representations
of the annihilation operators. Note that the parity of
the conduction electron is fixed in the models, i.e. the
on-site (off-site) model corresponds to odd (even) par-
ity, since the parity of the localized electrons (f -orbit) is
odd. Therefore most of heavy fermion materials (s-f or
d-f hybridization) are represented by Hoff and the heavy
fermion systems with p-f hybridization are represented
by Hon.
These models correspond to the specific cases of the
model discussed in Sec.III. Thus we can apply the results
in Sec.III to these models. With linearly polarized laser
light (ϕ = 0), we obtain the effective models as
H(lin)eff,on/off = H˜(c) + H˜(f) + H˜(hyb,lin)on/off , (33)
H˜(c) =
∑
kσ
(˜c(k)− µ)c†kσckσ, (34)
H˜(f) =
∑
kσ
(˜f (k, |b|) + λ− µ)f†kσfkσ, (35)
H˜(hyb,lin)on =
∑
kσ
{V b∗c†kσfkσ + h.c.}, (36)
H˜(hyb,lin)off =
∑
kσ
{V˜ (k)b∗c†kσfkσ + h.c.}, (37)
with
˜c(k) = −2tc(J0(Ax) cos kx + J0(Ay) cos ky + cos kz),
(38)
˜f (k) = f − 2tf |b|2(J0(Ax) cos kx + J0(Ay) cos ky + cos kz),
(39)
V˜ (k) = iV (J0(Ax) sin kx + J0(Ay) sin ky + sin kz). (40)
Here we define Ax and Ay as (Ax, Ay) =
A(cos θA, sin θA). The important difference between the
on-site and off-site models is the existence/absence of
the dynamical localization effect in the hybridization.
Note that this effective Hamiltonian includes only
the zero-th order term H0. Namely, the commutator
contribution, Hcom, vanishes. Thus there are only the
effects of the dynamical localization which can be seen
in eqs. (38) - (40). On the other hand, in the case of the
circularly polarized laser light (ϕ = −pi/2), the effective
Hamiltonian includes the commutator contribution,
Hcom, as
H(cir)eff,on/off = H˜(c) + H˜(f) + H˜(hyb,cir)on/off , (41)
with
H˜(hyb,cir)on = H˜(hyb,lin)on =
∑
kσ
{V b∗c†kσfkσ + h.c.}, (42)
H˜(hyb,cir)off =
∑
kσ
{(V˜ (k) + Υ(k))b∗c†kσfkσ + h.c.}. (43)
Here we have defined
Υ(k) = −4(tc − |b|
2tf )V
ω
J (Ax, Ay) sin(kx − ky),
(44)
J (Ax, Ay) =
∑
m=0
(−1)mJ2m+1(Ax)J2m+1(Ay)
2m+ 1
. (45)
Υ(k) in H˜(hyb,cir)on/off comes from Hcom. This term corre-
sponds to the laser-induced hybridization which does not
exist in the original model and connects a site with its
next-nearest-neighboring sites. Moreover, this term gives
rise to the breaking of time-reversal symmetry, which is
inherent in the circularly polarized laser light. As we
see below, this effect only gives a small contribution to
the Kondo effect. However, this kind of laser-induced
hopping and hybridization plays a crucial role for the
topological properties. This point is discussed in Sec. V.
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FIG. 3. Numerical solutions of the self-consistent equations for (a) the on-site model and (b) the off-site model with the linearly
polarized laser light. We show the temperature dependence of (a.1) the renormalization factor b and (a.2) the energy shift λ
for the on-site model. The same things for the off-site model are shown in Fig. (b.1) and (b.2) respectively. Here Ax = Ay = A
and we use the parameters as tc = 1, tf = −0.2, V = 3, f = −4 and ω = 12.5.
B. Numerical results
1. Linearly polarized laser light
Following the methods shown in Sec. II A, we nu-
merically calculate the renormalization factor b and the
energy shift of the f -electron level λ self-consistently for
the effective models (33) and (41). Then, based on the
results, we discuss the effect of laser light on the Kondo
effect. We note here that in the slave boson approach,
the fomation of Kondo singlets is well described in terms
of the renormalization factor b, although the crossover
behavior at finite temperatures appears as a phase transi-
tion with the order parameter b. Although this transition
is artificial, it is known that the transition temperature
corresponds to the Kondo temperature25–27, which is a
characteristic temperature where the Kondo effect takes
place. Below the Kondo temperature, we can correctly
describe the formation of the Kondo singlets and the re-
sulting insulating behavior characteristic of the Kondo
insulator.
First we consider the case of the linearly polarized laser
light. The results for the on-site model are shown in Fig.
3(a). From Fig. 3(a), we find that the Kondo temper-
ature is enhanced with increasing the intensity of laser
light. Thus the Kondo effect is enhanced in the on-site
model. On the other hand, we find that the Kondo tem-
perature decreases as we increase the intensity of laser
light in Fig. 3(b) for the off-site model. This means
that the Kondo effect is suppressed in the off-site model.
These results suggest that whether the Kondo effect is
enhanced or suppressed depends on the spatial structure
of the hybridization. Only in the off-site model, the hy-
bridization terms couple to the electromagnetic fields and
then the dynamical localization takes place in eq.(29). As
seen in eq. (28), the on-site model does not show the dy-
namical localization in the hybridization. This difference
plays a crucial role in generating the opposite behavior
of the Kondo effect in those models. The origin of this
behavior is discussed in Sec. IV C.
2. Circularly polarized laser light
Next we consider the circularly polarized laser light.
For the on-site model, the effective model with circularly
polarized laser light is the same as the one with linearly
polarized laser light, shown in eq. (42). Thus we study
only the off-site model in this subsection.
The results for the circularly polarized laser are shown
in Fig. 4. From Fig 4 (a), we find that the Kondo tem-
perature is suppressed by increasing the laser intensity
in the same manner as in the case of the linearly po-
larized laser. The behavior is quite similar to that in
Fig 3(b.1) and thus the effect of the laser-induced hy-
bridization, which appears only when the laser is circu-
larly polarized, is difficult to find out. To clarify the
reason, we examine the low-frequency regime (ω = 3.0),
in which our high frequency expansion could still pre-
dict the qualitative tendency. The results are shown in
Fig. 4(b). We find that the Kondo temperature in the
low frequency regime (ω = 3.0) is higher than the one in
the high frequency regime (ω = 12.5) and thus confirm
that the laser-induced hybridization indeed enhances the
Kondo effect. Therefore, the reason why this effect is dif-
ficult to find out in the high frequency regime (ω = 12.5)
is that the extra hybridization Υ(k) is much smaller than
70
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FIG. 4. Numerical solutions of the self-consistent equations
for the off-site model with the circularly polarized laser light.
In Fig. (a), we show the temperature dependence of the renor-
malization factor b. Here Ax = Ay = A and we use the pa-
rameters as tc = 1, tf = −0.2, V = 3, f = −4 and ω = 12.5.
In Fig.(b), to clarify the effect of laser-induced hybridization,
we compare the results of ω = 3.0 and ω = 12.5 at the same
intensity (A = 2.0). All the parameters except for the fre-
quency are set same as Fig. (a).
the zero-th order term H0 in the high frequency expan-
sion and then does not give an important effect on the
Kondo effect.
C. Enhancement/Suppression of Kondo effect
In order to understand the origin of the qualitatively
opposite behavior of the Kondo effect in the on-site and
off-site model, we give a rough estimation of the Kondo
temperature in this subsection. In the case of infinite U ,
it is known that the Kondo temperature is approximately
given as25
TK ' D exp
(
f − µ
2ρ0V 2
)
. (46)
Here D is the band width of the conduction electrons and
ρ0 is the density of states at the Fermi energy. We incor-
porate the effect of the laser light in this formula. The
effective form of the conduction band (30) shows that the
hopping amplitude is renormalized by the zero-th Bessel
function, and then we treat this effect by replacing tc
with t˜c = J0(A)tc. Here A is the amplitude of the laser
light. Considering D ∼ t and ρ0 ∼ D−1, we obtain the
Kondo temperature of the laser-irradiated model as
T˜
(on)
K (A) ' J0(A)D exp
(
J0(A)
f − µ
2ρ0V 2
)
. (47)
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Jcf ρ0
T
TK
TRKKY
FIG. 5. (a) The schematic picture of the enhancement of the
density of states near the Fermi energy ρ0. It is the origin
of the enhancement of the Kondo effect in the on-site model.
(b) Schematic Doniach phase diagram. Changing the Kondo
coupling Jcf or the density of states ρ0 by some perturbations,
e.g. pressure, we can induces the quantum phase transition.
AFM represents an antiferromagnetic phase.
Since f − µ is negative and thus this formula implies
that the Kondo temperature increases in the low intensity
region (i.e. small A). This estimation shows a qualitative
agreement with the numerical results in Sec. IV B. This
agreement suggests that the dynamical localization plays
the key role in this enhancement of Kondo effect. The
dynamical localization makes the band width narrower,
thereby enhancing the density of states near the Fermi
surface (see Fig. 5(a)). This enhancement of the density
of states helps the formation of Kondo singlet.
On the other hand, in the off-site model, we have to
additionally consider the dynamical localization of hy-
bridization and thus we treat this effect by replacing V
with V˜ = J0(A)V . Then we obtain
T˜
(off)
K (A) ' J0(A)D exp
(
(J0(A))
−1 f − µ
2ρ0V 2
)
. (48)
This formula shows that the Kondo temperature of the
laser-irradiated off-site model decreases in the low inten-
sity region. This is a qualitatively different behavior from
the on-site model. The origin of th suppression is the dy-
namical localization effect in the c-f hybridization.
Before closing this section, we remark on a possibility
to realize laser-induced quantum phase transitions. In
heavy fermion systems, the interplay of the Kondo effect
and the Ruderman-Kittel-Kasuya-Yosida (RKKY) inter-
action plays a crucial role. Their competition gives vari-
ous quantum phases, including the magnetically ordered
8phases, and the resulting phases are well described by the
Doniach phase diagram17 shown in Fig.5(b). Moreover,
some perturbations to the system, e.g. pressure, possibly
drive the quantum phase transitions, which are indeed
observed in various materials in heavy fermion systems.
We have shown that the Kondo effect can be enhanced or
suppressed by laser light. Therefore, we can make either
the Kondo effect or the RKKY interaction dominant. In
the case that the Kondo effect is suppressed, the RKKY
interaction becomes dominant and the system can realize
a magnetically ordered phase. Applying the laser light ef-
fectively changes the Kondo coupling Jcf and the density
of states ρ0. Then the system goes beyond the quantum
critical point and shows a transition to a magnetic phase
(typically, an antiferromagnetic phase) in Doniach phase
diagram in Fig.5(b). This laser-induced quantum phase
transition opens a new way to dynamically control the
magnetic phases by laser light.
V. CONTROLLING TOPOLOGICAL PHASES
A. Model of topological Kondo insulators
Some kinds of Kondo insulators show topological
phases thanks to their peculiar hybridization structures.
They are called topological Kondo insulators18,19,33,
which are gathering the great attention as the analogue
of topological insulators in strongly correlated electron
systems. In this section, we demonstrate that the laser
light changes the topological properties of the topolog-
ical Kondo insulators. We use a variant of the peri-
odic Anderson model which has off-site and (pseudo)spin-
dependent hybridization terms, which is already intro-
duced as a model of topological Kondo insulators in the
previous works19,34. The model Hamiltonian reads
H =
∑
kσ
(c(k)− µ)c†kσckσ +
∑
kσ
(f (k)− µ)f†kσfkσ
+
∑
kσσ′
{(V (k) · σ)σσ′c†kσfkσ′ + h.c.}+ U
∑
i
n
(f)
i↑ n
(f)
i↓ ,
(49)
with
V (k) = V (a1 sin kx, a2 sin ky, a3 sin kz). (50)
Here σ, σ′(=↑, ↓) stands for the (pseudo)spin and σ are
Pauli matrices. In this study, the parameters are set as
a1 = 2, a2 = −2 and a3 = 4. c(k) and f (k) have al-
ready been defined in eqs. (30) and (31). Since c(k) and
f (k) are parity even and V (k) is parity odd, this model
has time-reversal symmetry, and thus topological states
are characterized by a Z2 topological invariant
18,35,36.
With slave boson mean-fields b and λ, we can write down
the topological invariants νSTI and ν
α
WTI (α = x, y, z) for
0
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0.6
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FIG. 6. Numerical solutions of the self-consistent equations
for the model of topological Kondo insulator with the linearly
polarized laser light. In Fig. (a) and Fig. (b), we show the
temperature dependence of the renormalization factor b and
the energy shift λ respectively. Here Ax = Ay = A and we
use the parameters as tc = 1, tf = −0.2, V = 3, f = −6 and
ω = 12.5.
the renormalized band structure in a simplified form37 as
(−1)νSTI =
∏
m
δm, (51)
(−1)ναWTI =
∏
m
δm
∣∣∣
(k∗m)α=0
, (52)
where km represents the time-reversal invariant mo-
menta (TRIM) in three dimensional Brillouin zone, δm =
sgn(c(km)− ¯f (km, |b|2)−λ) is the parity eigenvalue on
each TRIM, and ¯f (k) = f − 2tf |b|2(cos kx + cos ky +
cos kz). Note that νSTI = 1 (ν
α
WTI = 1) means the system
is a strong (weak) topological insulator.
B. Linearly polarized laser light
First we consider the application of the linearly polar-
ized light. The model introduced above corresponds to a
specific case of the model which we discussed in Sec. III.
Thus we can apply the results in Sec. III to this model.
With linearly polarized laser light (ϕ = 0), we obtain the
effective model as
Heff =
∑
kσ
{˜c(k)− µ}c†kσckσ
+
∑
kσ
{˜f (k) + λ− µ}f†kσfkσ
+
∑
kσσ′
{b∗(V˜ (k) · σ)σσ′c†kσfkσ′ + h.c.}, (53)
9with
V˜ (k) = V (a1J0(Ax) sin kx, a2J0(Ay) sin ky, a3 sin kz).
(54)
˜c(k) and ˜f (k) have already been defined in eqs. (38)
and (39). As with the case of on/off-site model in Sec.
IV, this effective Hamiltonian includes only the contribu-
tions coming from the zero-th order term H0. Thus there
is only the effect of the dynamical localization of hopping
and hybridization. We discuss how these dynamical lo-
calization effects change the topological nature of this
system.
To discuss the topological properties, we use the topo-
logical invariants. In the effective model (53), the time-
reversal symmetry of the original model is preserved, and
thus we can use the Z2 topological invariants for the ef-
fective model. The topological invariants are represented
by eqs. (51) and (52) in which c(k) and ¯f (k) are re-
placed by ˜c(k) and ˜f (k). The topological invariants
include b and λ, which are calculated for each tempera-
ture T and laser intensity A. We calculate numerically
b = b(T,A) and λ = λ(T,A) (Here we assume Ax =
Ay = A) and use them to obtain νSTI(b(T,A), λ(T,A))
and ναWTI(b(T,A), λ(T,A)). Note that we here apply the
formula of the topological invariants at zero tempera-
ture to the mean-field Hamiltonian. This means that
we calculate the topological invariants for the renormal-
ized band structure determined at finite temperature. In
the low temperature regime sufficiently below the Kondo
temperature, which roughly corresponds to the gap size,
the renormalized band structure is well defined and thus
our treatment should appropriately describe the topolog-
ical phases even at finite temperatures.
First we show the numerical results of the temperature
dependence of b and λ in Fig. 6 (a) and (b) respectively.
They show that the Kondo temperature decreases with
increasing the intensity of laser light. This behavior is
similar to the off-site model discussed in Sec. IV because
the model (49) also has only off-site hybridizations.
Using these results, we calculate the topological in-
variants (51) and (52) and present the results in Fig. 7.
The topological invariants indeed change with temper-
ature and laser intensity, implying that there exist the
topological phase transitions induced by linearly polar-
ized laser light. Next we calculate the topological invari-
ants in a broad range of (T,A) systematically and ob-
tain the topological phase diagram shown in Fig.8. Note
that all the boundaries located next to the trivial metal
(tMetal) phase denote the crossover induced by Kondo
effect. The other phase boundaries represent the topolog-
ical phase transition which is well-defined by the renor-
malized band structure though it looks like a crossover in
the high temperature region due to thermal fluctuations.
In Fig.8, we find three topologically non-trivial phases:
one strong topological insulator (STI) and two types
of weak topological insulators (WTIs). These WTIs
have different values of the weak topological invariant
of z-direction. Especially the WTI2(ν
x
WTI = ν
y
WTI =
 0
 1
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FIG. 7. Topological invariants (a) νSTI, (b) ν
x,y
WTI and, (c)
νzWTI. Above the Kondo temperature, the topological invari-
ants are not defined since the system is a paramagnetic metal.
Here we use the parameters as tc = 1, tf = −0.2, V = 3,
f = −4 and ω = 12.5.
1, νzWTI = 0) is the phase which appears only with a
finite value of the laser intensity A, because the laser
light breaks the cubic symmetry to the tetragonal sym-
metry and the appearance of WTI2 is permitted. In the
low intensity regime (A . 1.0), we find a laser-induced
topological phase transition to the WTI2 phase near the
temperature T ∼ 6.5, which corresponds to the boundary
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tKI
FIG. 8. The phase diagram of the topological Kondo insu-
lators irradiated by linearly polarized laser light. There are
two topologically trivial phases and three topologically non-
trivial phases: the trivial Kondo insulator phase (tKI, b 6= 0,
all the topological invariants are zero), the trivial metal phase
(tMetal, b = 0), the strong topological insulator (STI, b 6= 0,
νSTI = 1) phase and two kinds of the weak topological insula-
tor (WTI) phases, WTI1 (ν = (ν
x
WTI, ν
y
WTI, ν
z
WTI) = (1, 1, 1))
and WTI2 (ν = (1, 1, 0)). Here we use the parameters as
tc = 1, tf = −0.2, V = 3, f = −4 and ω = 12.5.
of the topological phases without laser light. To clarify
how the phase transition occurs, we show the calculated
band structure for each laser intensity in Fig. 9. From
the figure, we find that the renormalized f -electron level
f + λ shifts due to the suppression of Kondo effect by
laser light. According to this shift of energy level, the
band touching occurs at the A = 0.54 shown in Fig. 9
(b). After the band touching, the energy gap opens and
the topological invariant changes.
In the strong intensity region, we find the interesting
behavior that the region of the topologically non-trivial
phases shrinks to the point (T,A) = (4.2, 2.4) and af-
ter that it becomes broad again with increasing the laser
intensity. The value of the laser intensity A = 2.4 corre-
sponds to the minimal zero of the zero-th Bessel function.
At that point, the hopping and hybridization in x- and
y-direction vanish due to the dynamical localization and
thus the system can be regarded as a one-dimensional
system in z-direction. Therefore the topological invari-
ants related to x- and y-direction, i.e. νSTI, ν
x
WTI, and
νyWTI, must be zero and then the system becomes topo-
logically trivial.
-
(a)
- -
(b) (c)
FIG. 9. Laser-induced topological phase transition of the
topological Kondo insulators with linearly polarized laser
light. We show the calculated band structure for kx (Both
ky and kz are fixed to pi). (a) Without laser light (A = 0.0),
the system is in the STI phase. (b) Applying the laser light
(A = 0.54), the band gap closes at the topological phase tran-
sition point. (c) Applying the strong laser light (A = 0.8), the
system is changed to WTI2 phase. Here we use the param-
eters as T = 6.2, tc = 1, tf = −0.2, V = 3, f = −4 and
ω = 12.5.
C. Circularly polarized laser light
Next we consider the case of the circularly polarized
laser (ϕ = −pi/2). Using the results in Sec. III, we
obtain the effective model as
Heff =
∑
kσ
{˜c(k)− µ+ |b|2ΦB(k)sgn(σ)}c†kσckσ
+
∑
kσ
{˜f (k) + λ− µ+ |b|2ΦB(k)sgn(σ)}f†kσfkσ
+
∑
kσσ′
{b∗((V˜ (k) + Φ(k)) · σ)σσ′c†kσfkσ′ + h.c.},
(55)
with
Φ(k) = −4i(tc − |b|
2tf )V
ω
J (Ax, Ay)(a1 cos kx sin ky,−a2 sin kx cos ky, 0), (56)
ΦB(k) = −2V
2
ω
J (Ax, Ay)(a1a∗2 + a∗1a2) cos kx cos ky. (57)
J (Ax, Ay) has already been defined in eq. (45). In this
effective model, we obtain two terms that come from the
commutator contribution Hcom. These terms break the
time-reversal symmetry, as the circularly polarized laser
does. One is the laser-induced hybridization (LH) term
Φ(k) stemming from the commutator of the kinetic term
and the hybridization term. From the commutator be-
tween the x and y components of hybridization term, we
obtain the other term ΦB(k), which plays a role of the
laser-induced Zeeman coupling to (pseudo)spins. Then
we regard them as a laser-induced “magnetic” field (LM).
This term behaves in a similar way to a usual magnetic
field, but there are two differences from the usual mag-
netic field. One is that the LM depends on momenta,
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FIG. 10. Numerical solutions of the self-consistent equations
for the model of the topological Kondo insulator with the
circularly polarized laser light. In Fig. (a) and Fig. (b),
we show the temperature dependence of the renormalization
factor b and the energy shift λ respectively. Here Ax = Ay =
A and we use the parameters as tc = 1, tf = −0.2, V = 1.5,
f = −4 and ω = 12.5. In Fig. (c), to clarify the effect
which appears only in the case of circularly polarized laser,
we compare the results of ω = 3.0 and ω = 12.5 at the same
intensity (A = 2.0). LH and LM represents the case that only
includes the effect of laser-induced hybridization and laser-
induced magnetic field respectively. The other parameters
than the frequency are the same as Fig. (a) and Fig. (b).
namely, it behaves like a Zeeman-type spin-orbit cou-
pling. The other is that the LM is proportional to a
square of the mean field, |b|2. The mean field |b| is finite
only below the Kondo temperature and becomes larger
in the low temperature regime. Namely, this magnetic
field grows with decreasing temperature. Especially the
second difference is a quite unique feature because this
behavior reflects the Kondo effect and thus it only can
appear in many-body Floquet systems.
As we mentioned above, the time-reversal symmetry
is broken in this effective model (55). Therefore we can-
not define the original topological numbers (51) and (52).
On the other hand, it is known that time-reversal symme-
try or inversion symmetry broken topological insulators
can be Weyl semimetals24, which are topological gapless
phases of matter recently gathering great attention be-
cause they have the exotic Fermi-arc surface states and
show the exotic transport phenomena related to Chiral
anormaly38. Weyl semimetals are characterized by the
existence of pairs of topologically non-trivial point nodes,
which correspond to the monopole and anti-monopole of
Berry curvature. The texture of the Berry curvature can
be detected by the Chern number for the two-dimensional
subspace of the three-dimensional Brillouin zone.
To detect the Weyl semimetallic phase, we calculate
the Chern numbers for the kx-ky plane (fixing kz) for
several values of kz. The Chern number for each kz is
defined as follows:
C(kz) =
1
2pii
∫
B.Z.
dkxdky
αβ
∑
n:filled
∂kα 〈un(k)|∂kβun(k)〉 ,
(58)
where α and β run over x and y. |un(k)〉 is the Bloch
wave function defined by the eigenfunction of the effective
Hamiltonian with numerically calculated b and λ for each
(T,A). If we find the change of the Chern number C(kz)
at k∗z , i.e. C(kz > k
∗
z) 6= C(kz < k∗z), we conclude that
there is a Weyl node in the kz = k
∗
z plane. The change
of the Chern number at k∗z corresponds to the monopole
charge of the Weyl nodes. Here we numerically calculate
the Chern numbers with Fukui-Hatsugai-Suzuki method
by discretizing the Brillouin zone39. Note that we apply
the formula of the topological number at zero temper-
ature to the mean-field model which can describe even
the finite temperature regime. As mentioned in the pre-
vious subsection, this treatment is reasonable in the low
temperature regime sufficiently below the Kondo temper-
ature.
Before evaluating the Chern number, we calculate b
and λ for each (T,A) to obtain the renormalized band
structure. We show the numerically calculated b and λ
in Fig.10 (a) and (b). From the figures, we find that the
Kondo temperature decreases with increasing the inten-
sity of the laser light. This behavior is qualitatively same
as the linearly polarized case explained in the previous
subsections. The difference from the linearly polarized
laser is only the existence of the LH and LM. However
the effect of them on the Kondo effect is very small and
difficult to find out in the high frequency regime because
they are the first-order correction in the 1/ω expansion.
To clarify their effect, in Fig. 10 (c), we show the results
in the case of ω = 3, in which the 1/ω expansion could not
be used for quantitative arguments, but it is useful to find
the qualitative effect of LH and LM. From Fig. 10 (c), it
is seen that the LH enhances the Kondo effect in all the
regime below the Kondo temperature since it enlarges the
amplitude of the hybridization. On the other hand, the
effect of LM is different depending on the temperature
regime. Very near the Kondo temperature, it seems that
LM does not affect the original model. It is because the
value of b becomes small there, and thus the amplitude of
LM ∼ |b|2V 2/ω also becomes small. In the temperature
below the Kondo temperature, LM slightly enhances the
value of b, i.e. the size of the Kondo gap. This is quite
different from the usual magnetic field, which is known
to suppress the Kondo effect. The key difference of the
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FIG. 11. Laser-induced topological phase transition of
the topological Kondo insulators with circularly polarized
laser light. We show the calculated band structure for kz
((kx, ky) = (0, pi)) near the kz = ±pi. (a) Without laser light
(A = 0.0), the system is in the STI phase. (b) Applying the
laser light (A = 0.1), the Kramers degeneracy is lifted and
the bands are split by the LM. (c) Making the laser light
stronger (A=0.2), the crossing points (Weyl nodes) appear
near kz = ±pi and the system is changed to Weyl semimetal-
lic phase Here we use the parameters as T = 0.1, tc = 1,
tf = −0.2, V = 1.5, f = −4 and ω = 12.5.
LM from the usual magnetic field is the existence of the
renormalization factor |b|2. This factor is considered to
play a important role at the low temperature and realize
the enhancement of the value of b.
Using the calculated b and λ, we obtain the renormal-
ized band structure and find the phase transition to Weyl
semimetallic phases. To clarify this point, we show the
deformation of the band structure by laser light in Fig.
11. Before applying the laser light, we prepare the system
in the STI phase (A = 0.0, T = 0.1). With a finite laser
intensity, the bands show the Zeeman-type splitting due
to the LM. Increasing the laser intensity, the bands touch
and cross each other. The crossing point can be Weyl
nodes, which characterize the Weyl semimetal. We cal-
culate the change of the Chern number when we go over
the crossing point in the kx-ky plane, and find that the
change is two, which corresponds to the two Weyl nodes
at (kx, ky, kz) = (0, pi, pi), (pi, 0, pi) and . This evidences
the topological non-triviality of the crossing points and
the appearance of the Weyl semimetallic phase.
Next we calculate the Chern number for a broad range
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FIG. 12. (a) The phase diagram of the topological Kondo
insulators irradiated by circularly polarized laser light. There
are two topologically trivial phases and four topologically non-
trivial phases: the trivial Kondo insulator phase (tKI, b 6= 0,
all the topological invariants are zero), the trivial metal phase
(tMetal, b = 0), and four kinds of Weyl semimetallic phases
(WSM1, WSM2, WSM3 and WSM4) shown in below. Here
we use the parameters as tc = 1, tf = −0.2, V = 1.5, f = −4
and ω = 12.5. (b) The four kinds of Weyl semimetallic phases.
We show the position of the Weyl nodes (red points) in the
three-dimensional Brillouin zone. The white (orange) regions
represents the Chern number C(kz) is zero (finite).
of (T,A) plane and obtain the phase diagram shown
in Fig. 12(a). We find four Weyl semimetallic phases,
which have the Weyl nodes in different positions respec-
tively. They are summarized in Fig. 12(b). We can con-
trol the appearance of these Weyl semimetallic phases by
changing the temperature and the intensity of the laser
light. We remark on two points about this phase dia-
gram. One is that Weyl semimetallic phases are realized
by relatively low intensity of laser light at the tempera-
ture near T ∼ 0.3. The temperature T ∼ 0.3 corresponds
to the transition temperature from STI phase to WTI2
phase in this model. Therefore, to find laser-induced
Weyl semimetallic phase, the system near the topolog-
ical phase transition is suitable. The other is that the
Weyl semimetallic phases are extended with decreasing
the temperature. It is because the LM, which is propor-
tional to |b|2, is enhanced in the low temperature region.
This implies that the low temperature is better for ob-
serving Weyl semimetallic phases.
Finally we remark on the difference of our work from
13
the previous ones that proposed the realization of Weyl
semimetallic phases by laser light. There are several stud-
ies discussing the Weyl semimetallic phase realized by
laser light using Floquet theory40–42. However they are
limited to the free electron systems. In our study, we
consider the Kondo insulator, which is the strongly cor-
related insulator, and discuss the stability of the Kondo
effect under the laser light. We find that the Kondo ef-
fect is suppressed by laser light but there still exists the
regime where the Kondo effect survives and the Weyl
semimetallic phases can be stabilized. The application
of laser light to the topological Kondo insulators is a
promising way to realize the Weyl semimetals in heavy
fermion systems43.
VI. EXPERIMENTAL SETUPS
In the above sections, we have discussed the possibility
to control the Kondo effect and the topological properties
in Kondo insulators by laser light. In this section, we dis-
cuss the experimental setups to observe the phenomena
proposed in this paper.
As for candidate materials, all the Kondo insulators are
applicable to our proposal since our calculation is based
on a simple model and the main results do not depend
on the detail of models and approximations. There are
several materials known as Kondo insulators, e.g. SmB6
and CeNiSn20. They are our main targets. Moreover
we expect that our results can be applicable to most of
heavy fermion systems because the periodic Anderson
model is a fundamental model of heavy fermion systems.
The key ingredient for our proposal is that the system
is at low temperature and the Kondo effect occurs. In
this sense, other materials in heavy fermion systems, e.g.
CeCu6 and CeCoIn5
17, are also in the scope of our study.
Note that, as for the results about topological proper-
ties discussed in Sec. V, the system should be a topo-
logical Kondo insulator having the spin-dependent and
off-site hybridization. Therefore, the candidate materi-
als for topological Kondo insulators, e.g. SmB6
19 and
YbB12
33, are suitable to observe the laser-induced topo-
logical phase transitions. Regarding the sample, it should
be a sufficiently thin slab, because laser light only pen-
etrates into the thin region from the surface. How deep
the laser light penetrates into the sample depends on ma-
terials and laser intensity, and thus we have to prepare
an adequate sample to confirm our proposal. Moreover,
the sample must be at low temperature below the Kondo
temperature TK , and therefore the application of laser
light should be done in such low temperature regime.
The laser light is characterized by its frequency and
intensity. Since our calculation is based on the high-
frequency expansion, the frequency must be sufficiently
high and off-resonant. Considering the energy scale in
our models, frequency must be higher than the band
width 12t. Thus the ultraviolet light is suitable for our
systems. In addition, in solid state systems, there are
many unoccupied bands above Fermi energy, then we
have to choose an appropriate frequency so as to make it
off-resonant to any bands. If the frequency is not so high
or the effect of resonance is crucial, the description by
the effective Hamiltonian becomes worse. To access such
a regime of frequency, we have to use different methods
with which we can treat both the effect of low frequency
and the interaction. We give a remark on this point later
in Sec. VII. In regard to the intensity of the laser light,
we need a reasonably strong intensity according to the ex-
perimental accuracy and the phenomena which we want
to observe. For example, looking at the phase diagram
of the topological Kondo insulators with circularly polar-
ized laser light in Fig. 12 (a), we can say that the laser
intensity A higher than 0.1 is necessary to realized the
Weyl semimetallic phase (WSM1). The intensity A ∼ 0.1
corresponds to the intensity of the electric field E ∼ 30
MV/cm.
In experiments, we should use pulse laser with a finite
width in time direction in order to obtain strong intensity
of laser light. In terms of the protocol of the application
of laser light, we have to consider the following two con-
ditions. (i) Too long laser pulse drives the interacting
systems to infinite-temperature trivial states44, and thus
we need to choose a short laser pulse. In other words,
we have to stop the driving before the system completely
heats up31. (ii) It takes time to reach the states de-
scribed by the effective Hamiltonian. Moreover, to real-
ize the ground states of the effective Hamiltonian we have
to switch on the driving adiabatically6,45. Therefore we
should use a long and slowly developing pulse. Taking
into account these two conditions, we have to choose in-
termediate time scale adequately. In fact, it is possible
to take such an intermediate time scale. Regarding the
first condition, we can make the time before heating up
longer using higher frequency of laser light46. Concern-
ing the second condition, such a relaxation can happen
in the ultrafast (femtosecond) time scale in strongly cor-
related electron systems32. We should choose the pulse
with sufficiently high frequency and with a longer width
than the femtosecond time scale.
Finally, we address the experimental methods to con-
firm our proposal. As mentioned above, we should use
the pulse laser and thus have to choose a method suitable
for observing transient phenomena. Therefore transport
or optical measurement is suitable. We explain how to
observe the control of the Kondo effect and the topologi-
cal phases respectively. As for the Kondo effect, discussed
in Sec. IV, we have shown that laser light can enhance or
suppress the Kondo temperature, resulting in the shift of
the temperature where the Kondo crossover occurs. How-
ever, it is difficult to detect the shift itself since there is
no singularity in the Kondo crossover. To observe this
phenomenon clearly, we can utilize the quantum phase
transition in terms of the Doniach phase diagram. As
mentioned in the end of Sec. IV, the suppression or en-
hancement of Kondo effect changes the Kondo coupling
and then the quantum phase transition occurs due to
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the competition between Kondo effect and RKKY inter-
action. The signature of this phase transition should be
much more clear than the Kondo crossover. To find the
signature of the phase transition by optical measurement,
the pump-probe photoemission spectroscopy (PES) is the
most promising way. We measure the system irradiated
by the appropriate pump pulse, and then we can find the
Kondo peak near the Fermi surface in the photoemission
spectrum when the Kondo effect is dominant. On the
other hand, the Kondo peak vanishes when the RKKY in-
teraction is dominant. Therefore, performing the pump-
probe PES with changing the laser intensity, we should
find the appearance or vanishment of the Kondo peak
when the system goes over the quantum critical point,
which is the signature of the phase transition. Concern-
ing the topological phases, the time-resolved and angle-
resolved PES is the most promising experiment tool. If
we find the change of the topological surface states, it ev-
idences the topological phase transitions. The closing of
the bulk gap is also a signature of the topological phase
transitions. Applying linearly polarized laser light, we
find the phase transitions from STI to WTI2. In this
phase transition, we should find the disappearance of the
surface states on the (0,0,1) surface since νzWTI changes
from one to zero. In the case of the Weyl semimetallic
phases realized by circularly polarized laser light, differ-
ent Fermi-arc surface states are observed depending on
which the Weyl semimetallic phases appear.
VII. SUMMARY AND OUTLOOK
In this paper, we have derived the effective model of
Kondo insulators under high frequency laser fields with
slave boson approach and Floquet theory. In the effec-
tive model, we have found two generic effects induced
by laser light, dynamical localization and laser-induced
hopping and hybridization. These effects change the orig-
inal system and enable us to control its Kondo effect and
topological properties. Regarding Kondo effect, we have
found that we can enhance or suppress the Kondo ef-
fect depending on the structure of the hybridization. As
we discussed in the end of the Sec. IV, the enhance-
ment and suppression of Kondo effect open a way to re-
alize laser-induced quantum phase transitions. As for
topological properties, we have found various topologi-
cal phase transitions realizable in the topological Kondo
insulators. With linearly polarized laser, the suppres-
sion of Kondo effect shifts the f -electron level and then
induces the WTI phase which does not appear in the
original model. Applying the circularly polarized laser
light breaks the time-reversal symmetry and gives rise
to the laser-induced synthetic magnetic fields, which cre-
ates the Weyl nodes in the band structure and realizes
the Weyl semimetallic phases. Finally we have discussed
the experimental setups to confirm our results.
We have discussed the physics in the laser-irradiated
heavy fermion systems to develop the Floquet engineer-
ing in strongly correlated electron systems and found
several basic effects which change the original nature of
the heavy fermion systems drastically. However, there is
room for improvement of our study from the two view-
points. One is the treatment of the interaction effect. We
have used the slave boson approach, which well-describes
the Kondo effect itself. However, using this approach, it
is difficult to discuss the competition with magnetic or
superconducting orders which are frequently observed in
heavy fermion systems. The other is the range of the
frequency. Our study is based on the high-frequency ex-
pansion of the effective Hamiltonian, which is a very use-
ful tool to clarify the qualitative behavior in the high
frequency limit. Thus we cannot apply our results di-
rectly in the case of low frequency. To overcome these
points, we have to use more sophisticated methods, with
which we can treat the interaction effect and the effect of
low frequency laser fields. For example, Floquet+DMFT
formalism47 is known to be applicable to such a situation.
In addition to these effects, we can treat the effect of bath
in this method. Applying this formalism to various sys-
tems to discuss the laser-irradiated strongly correlated
systems is an important direction in the future study.
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Appendix A: Derivation of the self-consistent
equations with slave boson approach
We show how the self-consistent equations (3) and (4),
which determine b and λ, are derived with slave boson
approach. In this approach, to treat the correlation effect
in f -orbit, the slave particle operator bi is introduced as
f†iσ → f†iσbi, (A1)
fiσ → fiσb†i , (A2)
with the constraint,
f†i↑fi↑ + f
†
i↓fi↓ + b
†
i bi = 1. (A3)
bi (b
†
i ) is an annihilation (creation) operator of slave
bosons, which corresponds to the creation (annihilation)
of the holon, i.e. vacancy. The constraint (A3) represents
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the strong coupling limit U → ∞, in which the double
occupancy is completely suppressed.
With these expressions, we write down the Lagrangian
corresponding to the periodic Anderson model. The con-
straint is taken into account with the method of Lagrange
multiplier. The Lagrangian reads
L =
∑
ijσ
{δij(∂τ − µ) + tc,ij}c†iσ(τ)cjσ(τ) +
∑
iσ
{∂τ − µ+ f + iλi(τ)}f†iσ(τ)fiσ(τ) +
∑
ijσ
tf,ijf
†
iσ(τ)bi(τ)b
†
j(τ)fjσ(τ)
+
1√
N
∑
ijσσ′
{Vijσσ′c†iσ(τ)b†j(τ)fjσ′(τ) + h.c.}+ i
∑
i
λi(τ){b†i (τ)bi(τ)− 1}, (A4)
where λi(τ) is the Lagrange multiplier field. Next we take mean-field approximation i.e. bi(τ)→ b(τ), iλi(τ)→ λ(τ)
and then we obtain the mean-field Lagrangian LMF as
LMF =
∑
ijσ
{δij(∂τ − µ) + tc,ij}c†iσ(τ)cjσ(τ) +
∑
iσ
{∂τ − µ+ f + λ(τ)}f†iσ(τ)fiσ(τ) +
∑
ijσ
tf,ij |b(τ)|2f†iσ(τ)fjσ(τ)
+
1√
N
∑
ijσσ′
{Vijσσ′b∗(τ)c†iσ(τ)fjσ′(τ) + h.c.}+
∑
i
λ(τ)(|b(τ)|2 − 1), (A5)
To derive the self-consistent equations for b and λ, we
integrate out the fermionic degrees of freedom c and f
and derive the effective action for bosonic fields b(τ) and
scalar fields λ(τ). The effective action Seff is defined as
e−Seff [b
†,b,λ] ≡
∫
D[c†, c, f†, f ]e−SMF[c†,c,f†,f,b†,b,λ],
where
SMF =
∫ β
0
dτLMF[c†(τ), c(τ), f†(τ), f(τ), b†(τ), b(τ), λ(τ)].
(A6)
The self-consistent equations are given by the saddle
point conditions for the effective action:
δSeff
δb(τ)
= 0,
δSeff
δλ(τ)
= 0. (A7)
These conditions can be rewritten using SMF as
〈
δSMF
δb(τ)
〉
= 0,
〈
δSMF
δλ(τ)
〉
= 0, (A8)
where 〈· · · 〉 is the thermal average defined as
〈· · · 〉 =
∫
D[c†(τ), c(τ), f†(τ), f(τ)] · · · e−SMF∫
D[c†(τ), c(τ), f†(τ), f(τ)]e−SMF
. (A9)
Using eqs. (A5) and (A8), we can derive the self-
consistent equations (3) and (4).
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